Background and Purpose During transient global amnesia (TGA), selective impairment of episodic memory is assumed to occur due to alteration in the neuronal network between the hippocampus and parietooccipital cortices that also include a hub for smooth pursuit (SP) eye movements. This study aimed to determine whether SP is impaired during TGA, and to identify any anatomical and functional linkage present between the oculomotor and memory systems.
INTRODUCTION
Transient global amnesia (TGA) refers to an amnestic syndrome characterized by the sudden loss of anterograde and retrograde memory that lasts for up to 24 hours without other neurological deficits. 1 Given that TGA elicits the selective loss of episodic memory, this condition may serve as a model for the neurological disorders affecting the CA1 sector of the hippocampal cornu ammonis. 2 Two parallel connections between the hippocampus and neocortex have been proposed: the anterior temporal and posterior medial networks. 3 While the perirhinal cortex is closely connected with the anterior temporal and frontal cortical areas, the parahippocampal cortex is connected with the posterior medial temporal, parietal, and occipital areas. 4 Although functional differentiation between the anterior and posterior hippocampi remains controversial, episodic memory appears to involve the posterior medial network more than the anterior temporal network. 5 Hippocampal atrophy alone seems to be insufficient to cause episodic memory impairments, even in neurodegenerative diseases. 6 Indeed, episodic memory is impaired during disruption of the posterior medial network, which connects the hippocampus and the posterior cortical areas. 6 Given that patients with TGA show markedly impaired episodic memory, the posterior medial network may be affected primarily during TGA. 7 A study using a spectral EEG analysis found an alteration in neuronal activity in the cortical regions involving the pos- Smooth pursuit (SP) occurs when observing a slowly moving object of interest and enables the continuous maintenance of clear vision. The posterior parietal cortex is known to be important for SP 9 and unilateral lesions involving this area in humans impair SP, more so toward the lesion side. 10 We therefore hypothesized that if the amnesia during TGA is caused by alteration in the neuronal network between the hippocampus and parietooccipital cortices, these patients may show impaired SP due to dysfunction of the SP pathways located in the parietooccipital cortices. The present study aimed to determine whether SP is impaired during TGA and to identify any anatomical and functional linkage present between the oculomotor and memory systems.
METHODS

Participants
This study included 145 patients (99 women) who arrived at the hospital within 7 days of symptom onset and fulfilled the following diagnostic criteria of TGA 1 : 1) Attack must have been witnessed by a capable observer, with information about it available over most of its duration, 2) Clear-cut anterograde amnesia during the attack, 3) No clouding of consciousness or loss of personal identity, and cognitive impairment limited to amnesia, 4) No focal neurological symptom during the attack and no significant neurological sign thereafter, 5) No epileptic features, 6) Attack resolved within 24 hours, and 7) No recent head injury or active epilepsy. We also excluded the patients taking medication known to affect SP, such as hypnotics and benzodiazepines.
The study was performed in accordance with the Declaration of Helsinki and approved by the local Institutional Review Board (IRB No. B-1809-492-103).
Evaluation of smooth pursuit
Eye motion was recorded using video-oculography (VOG) with a resolution of 0.1° and a sampling rate of 60 Hz in all 145 patients. VOG was performed within a median of 1.0 day from the onset of TGA (range 0 to 7 days) ( Table 1 ). The stimulus for SP was an illuminated red target moving along a sinusoidal trajectory at peak velocities of 10°/s and 20°/s. Participants were seated 110 cm from the target and instructed to look at it without moving their head. Eye and target velocities were obtained by two-point digital differentiation. After eliminating saccadic eye movements detected based on a velocity threshold criterion (100°/s), the SP gain was determined as the ratio of the peak eye velocity to the peak target velocity (PTV). A linear interpolation method was used to bridge the gaps produced by removing saccades. The average SP gain of patients was compared with the value obtained in 50 normal volunteers without dizziness or vertigo. Since SP gain decreases with age and the normal controls began to show a significant difference at an age of 50 years, the participants were divided into younger and older groups using the mean age of 50 years as the cutoff (Table 2) . We calculated the SP asymmetry as (rightward gain-leftward gain)/ (rightward gain+leftward gain)×100%.
Brain MRI
MRI was performed in 142 patients with TGA and comprised DWI, T1-and T2-weighted imaging, FLAIR imaging, and conventional gradient-echo imaging in the transverse plane, three-dimensional time-of-flight angiography of the intracranial region, and contrast-enhanced angiography of the neck region. We also performed subsequent thin-section DWI and T2-weighted imaging in the coronal planes that were perpendicular to the long axis of the hippocampus. 
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Statistical analysis
The data for variables that conformed to a Gaussian distribution, such as age and SP gain, are presented as mean and SD values. The differences in the average SP gain between patients and age-matched controls were analyzed using t-tests, and those between rightward and leftward SP were analyzed using paired t-tests. Since the interval between the VOG evaluation and the symptom onset as well as the asymmetry of SP gain did not conform to a Gaussian distribution, the data for these variables are presented as median, interquartile distance (IQD), and extreme values. SP gain asymmetry was compared between the patients and age-matched controls using the Mann-Whitney test. Probability values of p<0.05 were considered statistically significant.
RESULTS
Clinical findings
The clinical characteristics of the study population are summarized in Table 1 . All of the 145 patients with TGA exhibited a full range of eye movements and normal visual fields. Twenty-seven patients (18.6%) reported the symptom of dizziness, nausea, or vomiting. Nineteen (13.1%) patients showed spontaneous nystagmus: nine with horizontal, six with vertical, and four with mixed horizontal-vertical nystagmus. Twenty-three (15.8%) patients showed saccadic abnormalities. Hypermetria was noted in 12 (8.2%) patients: rightward in 6, leftward in 1, and bilaterally in 5. Hypometria was noted in 11 (7.5%) patients: rightward in 5, leftward in 4, and bilaterally in 2.
MRI
In 122 (85.9%) of the 142 patients in whom MRI was performed, DWI disclosed a 1-to 5-mm punctate high-signalintensity lesion in the hippocampus, which matched a small area of low signal intensity on apparent diffusion coefficient maps. The lesions were bilateral in 36 (25.3%) of the 142 patients, while the 86 (60.5%) patients with unilateral lesions comprised 42 (29.5%) with those on the right side and 44 (30.9%) on the left side (Table 1) .
Smooth pursuit
Among younger controls (n=30, age=34.9±8.0 years), the SP gains were 0.83±0.05 and 0.82±0.04 at PTVs of 10°/s and 20°/s, respectively. When compared with the controls, the younger patients with TGA (n=17, age=44.1±7.7 years) showed lower SP gains in both directions: 0.68±0.13 and 0.65±0.18 at PTVs of 10°/s and 20°/s, respectively (both p< 0.001) (Fig. 1) . Among older controls (n=20, age=60.3±6.7 years), the SP gains were 0.78±0.09 and 0.74±0.10 at PTVs of 10°/s and 20°/s, respectively. Compared with the age-matched controls, the older patients with TGA (n=132, age=61.3±7.0 years) showed lower SP gains in both directions regardless of the PTV: 0.61±0.14 and 0.55±0.17 at PTVs of 10°/s and 20°/s, respectively (both p<0.001) (Fig. 1) .
In the controls, the horizontal SP was symmetric in the rightward and leftward directions (p=0.374 and p=0.622 at PTVs of 10°/s and 20°/s, respectively). The median asymmetry among the younger controls was 1.8% (IQD=2.9%) at a PTV of 10°/s and 2.1% (IQD=2.3%) at a PTV of 20°/s (Table 3). The median asymmetry among the older controls was 2.7% (IQD=2.7%) at a PTV of 10°/s and 2.4% (IQD=3.6%) at a PTV of 20°/s. In contrast, the TGA patients showed asymmetric SP gains between the rightward and leftward directions (p<0.001 and p=0.026 at PTVs of 10°/s and 20°/s, respectively). This asymmetry of the horizontal SP was significantly greater in the TGA patients than the controls (Table 3) , and greater in the older patients when the target moved faster: 7.4% (IQD=7.9%, p<0.001) at a PTV of 10°/s and 9.4% (IQD= 14.5%, p<0.001) at a PTV of 20°/s.
The TGA patients who had no discernible hippocampal lesions in DWI showed comparatively symmetric SP gains. In contrast, irrespective of the unilaterality and side of the MRI lesions, the SP gain was lower on the right than the left among the patients (Fig. 2) . The difference between rightward and leftward SP gains was significant in the patients with leftsided or bilateral lesions when tested at the lower velocity of target motion (Table 4) .
DISCUSSION
Smooth visual tracking ensures that a slowly moving target can be visualized clearly by holding its retinal image within 
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the fovea. Since the visual acuity is markedly lower for a visual target whose retinal image is outside the fovea, SP is driven by signals from the cortical areas that process information about visual motion containing the direction and velocity of an object dislocated from the center of the fovea. 11 In monkeys, the middle temporal (MT) and medial superior temporal (MST) areas within the superior temporal sulcus form the primary hub for processing information about visual mo- 
tion. 12 The neurons in the MT and MST areas exhibit direction and velocity selectivity, 13 and damage to these areas causes defective SP. 14 The human homologues of the MT and MST areas are assumed to lie adjacent to the occipitotemporoparietal junction involving Brodmann areas 19 and 39. 15 These cortical regions belong to the posterior medial memory network that appears to be affected during TGA, 8 and this anatomical linkage might explain why the SP gain was significantly lower in our patients with TGA than in the controls.
SP requires a combination of multilevel activities including visual motion perception/processing, sensorimotor transformation, and cognitive processes such as attention and execution. 11, 16 Attention is important to the ability to perform SP. 17, 18 Previous studies support that SP and attentional processes share neural substrates, including the frontal eye fields, supplementary eye fields, and prefrontal cortex. 19, 20 Although attention may affect the SP performance in patients with TGA, a global attentional problem alone cannot explain the asymmetry in the rightward and leftward SP observed in our patients with TGA. Such significant SP asymmetry supports that deficits of SP during TGA are caused by lateralized abnormalities of the SP pathways. A study of seven TGA patients using SPECT indeed showed decreased blood flows in the inferior and middle frontal gyri bilaterally, but the reductions were greater on the left side in the superior temporal, precentral, and postcentral gyri. 21 Other studies have also revealed impaired perfusion in the left hemisphere during TGA attacks, 22, 23 suggesting that lateralized brain dysfunction is an important component of TGA pathophysiology. These hemisphere-specific disturbances of TGA may contribute to dysfunction of the cerebrocortical pathways involved in the control of SP, and cause asymmetric impairment of SP. It is particularly notable that our patients with TGA showed bilaterally impaired SP that was greater on the right irrespective of the lesion side. Given that the afferent visual pathways and the initial stages of cortical visual processing represent a retinotopic organization of the contralateral visual space, unilateral lesions of the geniculostriate visual pathway can barely induce asymmetric impairment of SP. 24 Any visual inattention that is usually associated with nondominant parietooccipital damage is also unlikely to cause an asymmetric pursuit defect, since neglect to the contralateral space with a reference to head position usually causes a symmetric pursuit deficit in the contralateral hemifield. 10 Dysfunction of the parietooccipital cortices or their corticofugal projections decreases the pursuit gain more toward the lesion side in humans, even though cerebral control of SP is not strictly ipsilateral. 10 Thus, the greater SP impairment toward the right in our patients suggests that the cortical regions processing the information about visual motion were more affected on the right side during or soon The velocity of SP ideally matches that of the moving target, which corresponds to an SP gain of 1.0. However, the SP gain can readily vary even during optimal SP performance due to the innate dynamic properties of the SP system. 25 Maintaining SP hence requires complex neuronal activity including prediction of the target velocity and continuous visual feedback about the ongoing SP performance. A complex neural network-such as the dorsal cortical eye fields and cerebellum-is involved in achieving an optimal SP response by integrating extraretinal information. 26 The cerebellum provides the principal feedback role in the SP system. 27 A study of the correlation between SPECT and MRI findings also found a predominant hypoperfusion in the cerebellar vermis in combination with punctuate DWI lesions in the hippocampus in five patients with TGA during the time window of 24 to 73 hours after onset. 28 Twelve of our patients indeed showed the saccadic hypermetria that is a distinctive ocular motor feature of cerebellar dysfunction. Given that the cerebellar vermis is closely connected to the MT and MST areas via the pontine nuclei, 29 the occurrence of cerebellar dysfunction during a TGA attack might be linked to the disruption of the posterior cerebral hemispheric network that was found in our patients.
The visual motion cues that drive SP are essential for object detection, visuospatial perception, and navigation during locomotion. Cognitive function assessment and functional MRI in a patient with TGA showed a reduced or no activation of the temporal lobe structures during encoding of visual scenes or recognition of old scenes. 30 Perceiving and navigating visual scenes are basic abilities that we use when interacting with our environment, and reliable copies of our environment require an optimal visual acuity. Visual information about our surroundings is integrated with various other types of information via complex neural networks to establish concepts on how the self is related to the world. 11 An impaired SP performance might be attributable to a diminished perception of the objects located in our surroundings and have an impact on visual information processing within the referential system, leading to impaired spatial orientation. This mechanism would provide a plausible explanation for why patients with acute TGA frequently show spatial learning and navigation deficits. 30, 31 
